Direct reaction of herringbone, platelet, or narrow, tubular herringbone graphitic carbon nanofibers (GCNFs) with molten potassium gives K/GCNF intercalates with stoichiometric control of potassium loading. Intercalate formation is confirmed by powder X-ray diffraction and micro-Raman spectroscopy. K/GCNF intercalates act as radical-anion alkene polymerization catalysts and reduce water with stoichiometric formation of hydrogen gas. Stage-1 K/narrow, tubular GCNF intercalate exhibits thermionic emission at 300 C. Stage-1 K/herringbone GCNF intercalate is an excellent thermionic emitter having high thermal stability up to 1000 C. K/GCNF intercalates have much reduced work functions of ca. 2.2 eV with localized emission showing a work function of 1.6 eV.
INTRODUCTION
There is considerable interest in developing more efficient thermionic emissive materials for direct conversion of heat energy into electrical power as a means for achieving greater energy sustainability and for a variety of applications requiring electron sources. [1] [2] [3] [4] [5] Ideally, such materials need to be inexpensive, possess low work function, and have high thermal stability. For efficient energy conversion, minimization of work function is of prime importance.
Various types of carbon have been examined as thermionic emitters, and methods for decreasing the inherent work functions of carbon nanotube and carbon nanofiber materials are greatly needed. Pristine carbon nanostructures have bulk work functions (as measured by photoelectron spectroscopy) ranging from 4.6 eV to 5.2 eV, similar to that of bulk, polycrystalline graphite (5.0 eV). 6 7 Although the work function of carbon nanotubes (CNTs) depends on nanotube helicity, 8 9 wall thickness, 10 and surface oxidation, 11 optimization of these parameters reduces CNT work functions to only ca. 4.6 eV. However, doping carbon nanotubes with alkali metal affords various intercalate structures exhibiting much reduced work functions. Potassium-or cesium-doped single-walled * Author to whom correspondence should be addressed. nanotubes (SWNTs) form inter-fiber intercalates with work functions of 3.3 eV and 2.4 eV, respectively, as determined by photoemission spectroscopy, 12 13 and sodiumor cesium-doped multi-walled nanotubes (MWNTs) have slightly reduced work functions of 4.4 eV and 3.8 eV, respectively. 14 15 Unfortunately, under high vacuum conditions, K-doped SWNT ropes de-intercalate potassium at 127 C, and Na-doped MWNTs undergo de-intercalation at slightly higher temperatures, 14 16 rendering these materials impractical for direct power generation applications. Vaporization of alkali metal from inter-fiber intercalation sites within carbon nanotube bundles is a likely cause of this poor thermal stability.
In a recent letter, 17 we reported the first synthesis of a potassium/graphitic carbon nanofiber (K/GCNF) intercalate including direct measurement of its work function by thermionic emission. Powder X-ray diffraction of this new material confirms complete formation of a stage-1 K/GCNF intercalate lattice structure, like that known for bulk C 8 K. Thermionic electron emission distributions recorded at 600 C and 700 C reveal an effective work function of only 2.2 eV and excellent thermal stability at these temperatures. We now report a more complete description of the synthesis and characterization of K/GCNF intercalate materials including those prepared from different types of GCNFs and with different levels of potassium doping. 
EXPERIMENTAL DETAILS

General Methods and Reagents
All intercalation reactions were carried out in a nitrogenfilled glove box. Potassium (25 mm rod, Aldrich, 99%) was used as received without further purification. Herringbone, platelet, and narrow, tubular herringbone GCNFs were prepared by known methods. 18 Ferrous nitrate (Sigma-Aldrich, 98%+), cupric nitrate (Fisher, ACS certified), ammonium bicarbonate (Aldrich, 99%), helium (Aire Liquide, Research Grade), ethylene (Aire Liquide, Research Grade), and hydrogen (Aire Liquide, PrePurified) used in GCNF syntheses were all used as received.
Preparation of K/GCNF Intercalates
CAUTION: Potassium/GCNF intercalates are pyrophoric in air and will smolder and spark upon exposure to ambient atmosphere. Stage-1 K/GCNF intercalate materials (C 8 K; 29 wt% K) were synthesized in 3-dram vials, within which 0.200 g of K (5 mmol) was weighed. Vials containing the K were heated to 70 C in a sand bath to melt the potassium metal. Then, 0.492 g of herringbone or platelet GCNFs (40 mmol) were weighed and added directly to the molten potassium. The heterogeneous mixture was allowed to react at 70 C for at least 3 min and became homogeneous in appearance after stirring briefly with a glass rod. After approximately 5 minutes of stirring, the GCNFs took on a dark bronze hue indicating formation of a stage-1 K/GCNF intercalate composition. 19 Stage-2 K/GCNF intercalate materials (C 24 K; 12 wt% K) were synthesized similarly. Potassium metal (0.100 g; 2.5 mmol) was weighed out in a 3-dram vial and melted by heating in a sand bath. Then, 0.737 g GCNF (60 mmol) of herringbone or platelet GCNFs were weighed out and added directly to the molten potassium. The heterogeneous mixture was allowed to react at 200 C for approximately 16 hours with occasional stirring by a glass rod. After this time, the GCNF appearance had changed subtly from black to very dark blue, indicating formation of a stage-2 K/GCNF intercalate composition.
Physical Characterization of K/GCNF Intercalates
The structures of as-prepared GCNFs were identified on a Philips CM-20T transmission electron microscope (TEM) operating at 200 kV. Powder X-ray diffraction analysis was performed using a Scintag X-1 XRD spectrometer (Cu K ) equipped with a Bueller controlled-atmosphere stage. Air sensitive K/GCNF samples were deposited onto a zero-background Si(510) plate, covered with Kapton ® polyimide film (0.3 mil), which was secured to the silicon plate by Kapton ® adhesive tape (1.0 mil). A nitrogen atmosphere was maintained within the sample chamber of the XRD spectrometer for the duration of each scan.
Raman spectra were collected using a Horiba Jobin Yvon Raman microscope equipped with a 633 nm laser operating at 25 mW. To collect the spectrum of intercalated nanofibers, the laser power was attenuated to 25 W using a neutral filter. Each sample was loaded onto a glass microscope slide while in a nitrogen-filled glove box, covered with 0.15 mm thick cover slip, and sealed using silicone grease to protect it from air. Baseline correcting and noise filtering software was used to process the raw spectral data.
Thermogravimetric analysis was conducted using a TA Instruments 2950 TGA. The temperature was ramped at 5 C per min under flowing nitrogen. Samples were held in tared platinum pans.
Thermionic Electron Energy Distribution Measurements
K/GCNF powder was placed into an airtight die within the glove box and then pressed (outside the glove box) into 13 mm × 2 mm pellets, which were returned to the glove box, rinsed with decane, and stored under decane. The pellet appears black in color upon removal from decane. Thermionic energy distributions were measured with a hemispherical energy analyzer (SPECS-Phoibos 100 SCD) connected to a vacuum chamber that reaches pressures on the order of 10 −8 torr. When transferred into the vacuum chamber, the sample pellet was briefly exposed to atmospheric air, during which time no observable reaction occurred. The heated emitter sample was located at the focal plane, 40 mm below the analyzer's aperture. The analyzer nozzle, inside the vacuum chamber, was wrapped with copper cooling tubes to prevent heat damage. The temperature of the molybdenum heater (HeatWave Labs, Inc.) was measured by a K-type thermocouple embedded 1 mm below the top of the molybdenum heater surface that was connected to a proportional temperature controller. The uncertainty in the thermocouple temperature measurements for the range of temperatures in this study is ± 20 C, and we note that the actual surface temperature of the emitter is lower than the thermocouple temperature because of heat losses through the top heater surface. At the highest temperatures in this study, this difference may be approximately 100 C due to increased thermal radiation. Therefore, the temperatures reported here represent an upper bound on the actual emitter temperature.
The heater assembly was thermally and electrically insulated from the chamber by alumina hardware. All energy distributions were measured after the temperature of the emitter had stabilized for at least 20 min. was negatively biased (−4 V) to accelerate electrons into the analyzer and to ensure that the electrons possessed sufficient energy to overcome the work function of the analyzer. Electron acceleration was achieved by connecting the heater assembly to a dc power supply (Hewlett Packard 6542A) and grounding the analyzer aperture. Voltage sense lines for the dc power supply were implemented, reducing the uncertainty in the acceleration voltage to ±0.3 mV.
Chemical Reactivity Studies
Interstitial polymerizations of isoprene and styrene were performed. Isoprene (Aldrich, 99%) and styrene (Adlrich, 99%) were used without further purification. Following a previously published procedure, 20 0.0234 g of stage-1 K/GCNF (C 8 K) nanofibers in a small vial were exposed to isoprene vapors within a nitrogen-filled glove box atmosphere. Within 30 min, the mass of solids within the vial had increased to 0.6538 g and had changed from a brown, free-flowing powder to a black, rubbery material. XRD analysis revealed a very broad region due to scattering by the amorphous polymer and only a small graphite peak.
Analysis of reactive potassium content of a stage-1 K/GCNF intercalate was performed via water reduction with hydrogen gas evolution. Within a closed system, 0.631 g of stage-1 K/GCNF intercalate powder was treated with excess water causing hydrogen gas evolution. The evolved hydrogen gas (0.115 L) was collected in a graduated cylinder by water displacement at 297.05 K and 1.007 atm; 0.00452 moles of H 2 formed; 96.8% equivalent yield of K metal based on K used.
RESULTS AND DISCUSSION
Synthesis and Physical Characterization
Graphitic carbon nanofibers grow from surface facets of metal alloy growth catalyst nanoparticles with several different nanofiber morphologies depending on growth catalyst composition, growth conditions, and the carbonaceous gas used as a source of carbon. 18 In typical preparations, multi-gram quantities of GCNFs are obtained in high purity. Residual metal growth catalyst is removed by washing as-prepared GCNFs with aqueous HCl solution. TEM micrographs of GCNFs used in this study are shown in Figure 1 . Platelet GCNFs contain graphene sheets stacked perpendicular to the long nanofiber axis. Herringbone GCNFs grow as nested, faceted "Dixie cups" with graphene layers canted at ca. 45 relative to the long nanofiber axis, while narrow, tubular herringbone GCNFs have a herringbone graphene plane stacking pattern forming the walls of a tube. For each structure, the graphene inter-layer separation is the same as that observed in graphite (0.337 nm).
Intercalation chemistry of lamellar, hexagonal graphite is well known, and stage-1 C 8 K potassium/graphite is commonly used as a commercially available reducing agent. 21 22 Intercalation of potassium atoms between adjacent graphene layers expands the interplanar spacing to 0.535 nm. Higher stages of potassium intercalation occur with lower loadings of potassium metal. Stage-2 potassium/graphite of composition, C 24 K, consists of alternating intercalated and non-intercalated graphene layers. For this composition, the crystallographic inter-planar repeat distance is expanded to 1.22 nm. 23 Synthesis strategies commonly used for the preparation of bulk potassium/graphite that were found to be inefficient for the preparation of K/GCNF intercalates include; (1) reaction of potassium vapor with GCNF powders in a classic two-bulb reactor, 24 (2) use of Co(PMe 3 )(ethylene), Co(PMe 3 )(cyclopentene), or naphthalene as electron-transfer reagents in potassium metal reduction of GCNF powders, 25 26 and (3) direct reduction of GCNF powder by potassium metal/liquid ammonia. Although K/GCNF forms in low yield from Co-complex-assisted reduction of GCNF powder, the extensive washing required to purify the product leads to partial decomposition of the desired K/GCNF intercalate material.
Fortuitously, direct reaction of GCNF powders with molten potassium metal under stirring directly affords K/GCNF intercalates as free-flowing powders with stoichiometric control of potassium loading. Stage-1 K/GCNF intercalates form at a reaction temperature of 64 C (the normal melting point of potassium metal), while formation of stage-2 and higher K/GCNF intercalates requires higher temperature (200 C). As listed in Table I , six different K/GCNF materials have been prepared using narrow, tubular herringbone, herringbone, or platelet GCNFs with potassium loadings consistent with stage-1, stage-2, "stage-6," or "stage-25" intercalation compositions. Stage-1 and stage-2 intercalate structures are confirmed by powder XRD [vide infra], while "stage-6" and "stage-25" intercalate compositions have such low potassium content (5.15 wt% and 1.11 wt%, respectively) that diffraction scans only show the presence of GCNFs. While the colors of stage-1 and stage-2 potassium/graphite bulk intercalates are bronze and steel blue, respectively, the colors of the corresponding K/GCNF intercalates have much darker hues. This color enhancement of nanofiber intercalates might arise from increased light absorbance caused by much higher surface area (or surface roughness) as compared to flake graphite. 27 Similarly, in non-intercalated materials, flake graphite typically appears silvery black, while GCNFs appear pitch black.
Powder XRD scans of herringbone GCNFs, stage-1 (2), and stage-2 (4) K/herringbone GCNF intercalates are shown in Figure 2 . Pristine GCNFs have sufficient longrange crystallinity to diffract X-rays from several graphite planes with diffraction from the (002) planes at ca. 26 degrees in two-theta being most intense. Since as-prepared K/GCNF samples are pyrophoric, samples are partially protected from ambient atmosphere by application of a Kapton ® film covering. Diffraction scans for stage-1 and stage-2 K/GCNF intercalates 2 and 4 reveal intense peaks at two-theta values expected for these intercalate compositions superimposed on the amorphous scattering profile of this Kapton ® film. Diffraction peak assignments are taken from the diffraction patterns known for the corresponding bulk K/graphite intercalates (shown as line patterns in Fig. 2 ). The stage-1 K/GCNF intercalate 2 has sufficient order to give four diffraction peaks consistent with the C 8 K intercalate lattice, while the scan of stage-2 K/GCNF intercalate 4 shows six diffraction peaks consistent with the known C 24 K intercalate lattice. 28 Confirmation of lattice expansion upon potassium intercalate formation is evident from the position of the (004) diffraction peak near 16 degrees in two-theta for the stage-1 intercalate (d-spacing of 0.535 nm) and from the position of the (008) diffraction peak observed near 7 degrees in two-theta for the stage-2 intercalate (d-spacing of 0.122 nm). The presence of a weak diffraction peak from non-intercalated GCNFs in the stage-2 K/GCNF intercalate scan might indicate partial air oxidation of this sample or slight disorder in potassium atom location. Micro-Raman spectra of herringbone GCNFs, stage-1 (2), and stage-2 (4) K/herringbone GCNF intercalates are also consistent with intercalate formation (Fig. 3) . Although hexagonal graphite and potassium/graphite intercalates crystallize with ordered lattices having different space group symmetries (D 6h 4 and D 2h 24 , respectively), Raman peak assignments for graphitic materials usually follow the band assignments derived for graphite.
Two peaks are observed in the Raman spectrum of herringbone GCNFs between 1000 cm −1 and 1800 cm −1 , as expected for a nanographitic material. 29 A relatively weak asymmetric peak centered at 1591 cm −1 is assigned to the G-band of nanographite corresponding to an in-plane C C stretching optical phonon band overlapping with a slightly weaker defect-induced D'-band. A more intense band centered at 1330 cm −1 is assigned to the defect-induced D-band of nanographite arising from an inter-valley double-resonance process involving electronic states centered at two non-equivalent lattice points. 29 This D-band is composed of two non-degenerate bands, and a ratio of 1.88 for the D-and G-band intensities (I D /I G ) indicates a high number of defect sites within these herringbone GCNFs, as expected for a nanographite material. Upon intercalation of potassium, both Raman bands shift to lower frequencies due to C C bond weakening. 30 Calculations of C 8 K estimate a 0.60 electron charge transfer from each intercalated potassium atom into pi-antibonding bands of graphite. 31 For the stage-1 K/GCNF intercalate 2, the G-band frequency decreases by 45 cm −1 to 1546 cm −1 and gains intensity relative to that of the D-band, while the D-band shifts to lower frequency and splits into two peaks centered at 1145 cm −1 and 1249 cm −1 . The lower symmetry of the intercalate lattice apparently enhances the splitting of the two nondegenerate components of the D-band.
Using nearest-layer environment concepts, 30 32 both stage-1 and stage-2 alkali metal intercalates should have only one in-plane C C stretching band (G-band) with the band frequency of the stage-2 composition being intermediate between the G-band frequencies of non-intercalated GCNFs and stage-1 GCNFs due to the lower metal content of a stage-2 composition. Curiously, the G-band (and D-band) frequencies observed for the stage-2 K/GCNF intercalate 4 are not significantly shifted from those of the corresponding stage-1 intercalate 2. However, the Raman spectra of intercalates 2 and 4 show weak shoulders at ca. 1450 cm −1 possibly arising from C C stretching bands of interior graphite layers of higher stage compositions. This shoulder is slightly more pronounced with the stage-2 compositions and might indicate less than perfect staging structures within these samples. Such structural heterogeneity is expected for samples prepared at such low temperatures (≤200 C). 29 
Chemical Characterization
Stage-1 K/herringbone GCNF intercalate 2 acts as a radical-anion alkene polymerization catalyst as known for bulk stage-1 potassium/graphite. [33] [34] [35] When stage-1 K/GCNF powder is exposed to isoprene vapor, polyisoprene forms with consumption of isoprene vapor. Qualitatively, this polymerization occurs at a faster rate than that reported for bulk potassium/graphite probably due to the higher surface area of K/GCNF nanofibers. 34 The resulting K/GCNF/polyisoprene composite contains less than 4 wt% GCNF. A powder XRD scan of this composite, see Figure 4 (bottom scan), reveals amorphous scattering from the polymer component and loss of long-range GCNF crystallinity due to partial exfoliation of the GCNF graphene sheets due to polymer intercalation. 33 Pyrolyzing this composite material at 500 C leads to evaporative degradation of the organic polymer phase leaving behind only a small amount of carbonized residue. An XRD scan of this residue (see Fig. 4 top scan) indicates partial restoration of GCNF crystallinity. A TEM micrograph (Fig. 4) confirms the presence of intact GCNF nanofibers.
TGA traces (Fig. 5 ) of pyrolytic degradation of pure polyisoprene and of the K/GCNF/polyisoprene composite show loss of the polymer phase as a single event centered at ca. 400 C. By ca. 450 C, the polymer phase is completely eliminated from the pure polymer control sample, while ca. 2.2 wt% remains as a residue from the K/GCNF/polyisoprene composite pyrolysis. Further heating to ca. 775 C leads to essentially complete mass loss of the composite sample. Since herringbone GCNFs are stable to temperatures much higher than 775 C, 36 we speculate that the initial pyrolysis residue contains partially exfoliated GCNFs which ablate nearly completely by ca. 775 C.
Stage-1 K/herringbone GCNF intercalate 2 polymerizes styrene vapor to form polystyrene but at a much slower rate. However, addition of stage-1 K/herringbone GCNF intercalate powder directly to liquid styrene initiates rapid polymerization. K/GCNF/polystyrene composites are viscous and difficult to manipulate and were not characterized further.
Stage-1 K/herringbone GCNF intercalate 2 acts as an effective hydrogen-storage medium by reducing water with formation of hydrogen gas. Rapid addition of a weighed sample of K/GCNF intercalate 2 powder to water at room temperature gives immediate evolution of hydrogen gas in 97% yield (based on a C 8 K composition).
Thermionic and Field Emission Studies
Electron emission properties of K/GCNF intercalate materials have been examined as a function of potassium loading and nanofiber morphology. Due to the air sensitivity of K/GCNF intercalates, as-prepared K/GCNF powders are pressed into pellets (13 mm in diameter), stored under decane, and inserted into a vacuum chamber for property measurement with minimum exposure to ambient atmosphere. Thermionic electron energy distribution (TEED) curves for stage-1 K/herringbone GCNF intercalate 2 and a herringbone GCNF control sample are shown in Figure 6 . For the non-intercalated GCNFs, maximum thermionic electron emission at T = 836 C occurs at 4.8 eV which, after accounting for the thermal energy kT, corresponds to an effective work function of approximately 4.7 eV. This value falls within the range of work function values expected for carbon materials. 6 7 However, for the stage-1 K/herringbone GCNF intercalate 2, maximum thermionic electron energy measured at T = 600 C and 700 C occurs near 2.3 eV, which corresponds to an effective work function of approximately 2.2 eV, representing a 53% reduction of GCNF nanofiber work function. 17 of the aggregate pellet and is not local-site dependent.
In addition, electron emission at 4.7 eV from nonintercalated GCNF material is absent from TEED curves of intercalated nanofibers consistent with a homogeneous intercalate composition on the micron-scale. Within experimental error, full-width at half-maximum (FWHM) values determined from these experimental TEED curves compare closely to values predicted from classic freeelectron theory. 37 Normalized TEED curves of "stage-25" K/herringbone GCNF intercalate (6; 1 wt% K doping) recorded at 690 C-900 C are displayed in Figure 7 showing the effect of reduced potassium loading. Maximum electron energy values at each temperature and the corresponding work functions are provided in Table II . Work function increases from 4.1 eV to 4.7 eV with increasing Fig. 7 . Normalized TEED curves of a "stage-25" K/herringbone GCNF intercalate 6 (1 wt% K doping) recorded at 690 C (far left), 747 C (second from left), 800 C (third from left), and a maximum temperature of 900 C followed by measurements at 800 C and 750 C (three overlapping curves at far right). Temperatures recorded by thermocouple. temperature and remains relatively constant above 900 C. These values are more consistent with work functions of non-intercalated GCNFs and indicate that very low potassium doping either does not significantly populate conduction band states within these carbon nanofibers or that surface degradation during sample manipulation quenches intercalate states near the pellet surface. A similar increase in work function with increasing temperature has been observed for hydrogen-terminated nanocrystalline diamond and attributed to hydrogen desorption. 38 Given the hydrogen content (0.3 wt%) of as-prepared GCNF, 39 a similar hydrogen desorption phenomenon might also occur with GCNFs during thermionic emission measurements at these high temperatures.
TEED curves of the stage-1 K/narrow tubular herringbone GCNF intercalate 1 recorded at 300 C as a function of surface site location are shown in Figure 8 . An initial TEED scan (red curve) is followed by three subsequent curves recorded at 19-hour intervals with lateral displacements of the cathode by 0.25 cm (green curve), Synthesis and Characterization of Potassium Metal/Graphitic Carbon Nanofiber Intercalates 0.02 cm (blue curve) and 0 cm (orange curve). An initial scan (red curve) shows electron emission maxima at 1.6 eV and 2.0 eV. The strong emission observed near 2.0 eV is observed in each of the subsequent TEED scans and can be assigned to electron emission characteristic of this bulk intercalate. Given the similar work functions for stage-1 K/herringbone GCNF intercalate 2 (ca. 2.2 eV at 700 C) and stage-1 K/narrow tubular GCNF intercalate 6 (ca. 2.0 eV at 300 C), nanofiber morphology appears to have little effect on the work function of these materials. However, the weaker electron emission centered at 1.6 eV does not persist in the other scans and is, presumably, emission from a unique localized surface site feature. Since a 0.4 eV reduction in work function has practical significance, further investigation of this phenomenon is warranted. Lateral displacement of the cathode probe gives single-peak emission profiles centered at 2.0-2.1 eV (green and blue scans) with a slight shift to higher energy over time. A similar shift to higher energy (0.05 eV) occurs over time without additional lateral displacement of the cathode (orange scan). Such shifting of the leading edge of emission to higher energy over time along with concomitant reduction in emission intensity is consistent with evaporative de-intercalation of potassium over time. A similar thermal instability is not observed with K/herringbone GCNF.
CONCLUSIONS
K/GCNF intercalates can be prepared by direct reaction of herringbone, platelet, or narrow, tubular herringbone GCNFs with molten potassium. Expansion of the graphene layer stacking expected for stage-1 and stage-2 intercalate compositions is confirmed by powder XRD, and the presence of defect vibrational bands expected for such nanographite materials are observed by microRaman spectroscopy. As with bulk potassium/graphite, K/GCNF intercalates act as radical-anion alkene polymerization catalysts and reduce water with stoichiometric evolution of hydrogen gas. Stage-1 K/narrow, tubular herringbone GCNF intercalates exhibit "cold" field emission at 300 C with much reduced work functions ranging from 1.6-2.2 eV depending on cathode location and time of exposure to UHV conditions. Stage-1 K/herringbone GCNFs intercalates are excellent thermionic emitters having a much reduced work function of only 2.2 eV and excellent thermal stability at temperatures up to 1000 C. Further investigation of the electron emission properties of K/GCNF intercalates is anticipated.
